Indian Ocean warming
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History of Monsoon,
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Some remnants of Deccan volcanism




History of Monsoon, 4.1Kya

65°E ““.7‘an T5°E . 80°E wt O/OCaCO3 6180 (o/oo) Ostracod Countlzsg 14C yr B.P.
e ' 0 20 40 60 80-8 4 0 4 80 10 20 30 40 (+20)
TR 0 WSt ———
i.,’. N ; A 3 B C A =
! 7, a ] : L ; 'l::'
o) > 1: L :. _::;Y
9) S ‘ ..,J 2 : - ', :Il
: % . [ : 2255130
o " rengs ol 2] B $0stracods absent
B Da » o
p >
p - ’
Z z 2 - T
3 o ; " M. tuberculata ,
—~ 3 ¥ °
g - L \ 13745435
; o4y | e . ] 53710+35
\..‘ c) 4 ‘O
S o - ; < - ) L ?(’
o 2 egen 1 - D
0 0 00 450 600 %' A Paleolake climate proxies ';‘f’ 4300435
z DUHISIC + Indus and related settlements 2 5" = ~ 4300+25
& 65°E 70°E 75°E “‘ - & " 4250+35
Variation in the timing and intensity of the | .
monsoon affects lake—water Oxygen isotope 6- L ; 215320
. . - - e +120
and alters relative hydrologic balance between ! i . i S—— S8704
: T 1 L llyocypris 5670430
evaporation and precipitation in the lake. 4 ! arwinula
7- - Fabaeformiscandorid

1 1 11 I 1 1 11 1 1 1 1

- : il E@Brown-grey silt Organic HHE Grey cla
Presence/absence of ostracods confirms this. ETop soil -grey silt Il Org y clay




Monsoon, manifested by Winds

Kanpdi caicut

Indian Ocean

Mozambique

Cabral’s voyage to Brazil and Calicut, 1500




Monsoon, Tropical Easterly Jet

Tibetan high results in an upper—level anticyclone;
located over n.India above the monsoon trough.

Moves in a south—southeast direction following
the zone of maximum surface heating and low
pressure
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Tropical Jet streams ...and World War |l
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THE NORTH PACIFIC JET STREAM
Forecast for the 48 hours to 6pm GMT Thursday (5am Friday AEST)

Japanese used the jet stream across Pacific to
launch and drop balloon bombs in the US. About

9000 balloons were deployed, and 1000 reached
destination after travelling 6000 miles, in 2—3 days! :
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Monsoon, manifested by Surface Temperatures
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Monsoon, manifested by Thermal Contrast

Tibetan
plateau:
range of

\ > , o
\ 0,
____________________ - ! | _ 60 C

~\ “Tropic of Capricom|

5

/
)
! 2 A
A !
/
-

f ol S

0 A

\ y

Ocean:
range of
3to5° C

ANNUAL
RANGE

0 1500 3000 Miles
—_—

= —— F°| 5|9 (18|27 |36|45|54|63|72|81 (90|99 108| F°
0 1500 3000 Kilometers

C°| 83| 5|10|15|20|25|30|35[40|45|50|55|60|C*

(©
Copyright © 2004 Pearson Prentice Hall, Inc.




Energy (ZJ)

Ocean warming in a changing climate
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During the past century---

1. Where has all the heat gone — Land/Atmos./Ocean?
2. Where in the Ocean?

3. Why is the Indian Ocean warming anomalously?

Monsoon:
1. Have the monsoon drivers changed?

2. Is the South Asian Monsoon decreasing?
Or increasing?

3. Role of Indian Ocean warming?
4. Interannual variability and Extreme events

Marine Productivity:

1. Is the marine phytoplankton decreasing?
2. Role of Indian Ocean warming?




Indian Ocean during the last century
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Asymmetry in ENSO forcing

El Nifo

El Nifio induce significant positive SST anomalies
over Indian Ocean

but...
La Nifia events does not result in significant
anomalies over the Indian Ocean
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Skewness in El Nino forcing

Sea Surface Temperature anomalies (after removing trend)
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Increase in frequency and strength of El Nifios, possibly due SST Difference betwetjh [19gl-zt012] and [1901-1950]
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to increasing greenhouse gases.

Mini El Ninos in the Indian Ocean!
The warm events over Indian Ocean also has increased.
Occasionally, they cross the El Nifio criteria (0.77 degC).




Largest contributor to global warming?

Correlation: Annual global mean SSTa vs annual SSTa
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Increased land-sea contrast = more rainfall

Increased ocean warming = more rainfall

Increased land—sea thermal contrast Increased ocean warming
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weak South Asian Monsoon

(a) Trend in IMD Precip. (b) Trend in CRU Precip. mm day ! (112 year™)
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Decreasing trend in

precipitation from
Pakistan through central
India to Bangladesh.
Significant over central
Indian subcontinent
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Similar results from subdivisional station data:
Guhathakurta and Rajeevan, 2008

Western Ghats show dipole like trends:
Sandeep and Ajayamohan 2014




Land-sea thermal contrast over South Asian domain

Though models and observations suggest increase in land—sea contrast over Northern Hemisphere
due to global warming, it is different over South Asia/Indian Ocean.
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(c) Trend in land-sea temperature difference
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Warm Ocean, Weak Monsoon

N

Future?

Future climate projections (CMIP5)
suggest further warming of the Indian
Ocean. Will the monsoon decrease
further?

These future projections also suggest

increasing monsoon rainfall
(Sharmila et al 2015).

However it is to be noted that these
models fail to reproduce the present

day monsoon (Sabeerali et al 2014,
Saha et al 2014)




Extreme Rainfall Events
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Rainfall Frequency
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Indian Ocean warming and Extreme Rainfall Events

(b) = Rainfall Frequency
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Extreme rainfall events
over central India has
increased. Shows
association with increasing
sea surface temperatures,

which increases the
available moisture.

It’ s difficult to say for certain that a particular extreme event for the monsoon is
attributable to anthropogenic climate change — like the Pakistan floods of 2010 — but we

do know that with a warming climate more moisture can be held in the atmosphere,
leading to heavier rainfall when it does occur.




Interannual Variability of the Indian Monsoon

All-India Summer Monsoon Rainfall, 1871-2014

(Based on IITM Homogeneous Indian Monthly Rainfall Data Set)
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Monsoon 2014
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Monsoon 2014

Great Famine of 1877-79

Sea surface Temp of 1877-79
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Sea surface Temp of summer 2014

Sea Surface Temperature Anomaly (°C), Base Period 1971-2000
Week of 25 JUN 2014




Monsoon 2014, early July




El Nino 2014 failed to develop

w%‘kﬁ%}’&fﬂaﬁf

2
“

THE RAIN T
RAINETH EVERY

\

) ) Cimpt

Gian,

[aAnna

PRV
1

DON'T BE

i

7
e
L

AND THE GAULISH MIRACLE
HAS BROUSHT THE
ONSOON 0/‘\9/ AT LAST. THE

Ry
MR

AR PZar- o

A N
\ W

LT

L
) e 925 Y e

1

\\

!—a‘v-"/-?,#' ‘




Monsoon 2014, early October




Warming — Marine Primary Production
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Reduction in Marine Primary Production

Observations Historical Simulations:
1998 — present (" 17 years) 1950-2005 (56 years)
thorQ hyll trend
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20-30% reduction in marine primary productivity over the western Indian Ocean



Warming stratifies the ocean -

Enhanced stratification due to increasing SST

(a) SST and Statlc Stablllty anomalles
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Stratification highly correlated to the reduction in Chlorophyll




Warming stratifies the ocean -

Nitrate, Silicate and Phosphate shows significant reduction
over the same region where chlorophyll trend is negative

(a) Nitrate

AR

(b) Phosphate (c) Silicate
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Warming Ocean, Reduced Marine Productivity

1950 » Present
Warmer Ocean

Wea¥ng

Reduced
Phytoplankton

Future?
Future climate projections suggest
further warming of the Indian Ocean.

Is Indian Ocean turning into an
ecological desert?

Along with the stress from fisheries
industries... reduced plankton might
increase the fish stress

Annual catch rates of tuna (N/100 hooks) in the Indian Ocean
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Indian Ocean warming

Indian Ocean warming:
o Strong, monotonous warming during the last century in the Indian Ocean

Potential Impacts:

o Weakening monsoon " desertification over the Indian subcontinent?
— increasing extreme rainfall events and decreasing moderate rainfall events
o Reduced marine productivity ~ desertification in the Indian Ocean?
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